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Fabrication of nonlinear elastic materials that resemble biological tissues remains a
challenge in biomaterials research. Here, a new fabrication protocol to produce elastomeric
ﬁbrous scaffolds was established, using the core/shell electrospinning technique. A pre-
polymer of poly(xylitol sebacate) with a 2:5 mol ratio of xylitol:sebacic acid (PXS2:5) was ﬁrst
formulated, then co-electrospun with polyvinyl alcohol (PVA – 95,000Mw). After cross-
linking of core polymer PXS2:5, the PVA shells were rinsed off in water, leaving a porous
elastomeric network of PXS2:5 ﬁbres. Under aqueous conditions, the PXS2:5 ﬁbrous scaffolds
exhibited stable, nonlinear J-shaped stress–strain curves, with large average rupture
elongation (76%) and Young's modulus (1.0 MPa), which were in the range of muscle
tissue. Rupture elongation of PXS2:5 was also much higher when electrospun, compared to
2D solid sheets (45%). In direct contact with cell monolayers under physiological conditions,
PXS2:5 scaffolds were as biocompatible as those made of poly-L-lactic acid (PLLA), with
improvements over culture medium alone. In conclusion, the newly developed porous PXS2:5
scaffolds show tissue-like mechanical properties and excellent biocompatibility, making
them very promising for bioengineering of soft tissues and organs.
& 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY
license (http://creativecommons.org/licenses/by/3.0/).1. Introduction
Soft biological tissue typically exhibits the unique characteristic
of exponential increases in stress with increasing strain, (i.e. a J-
shaped stress–strain curve) (Chen et al., 2008b). Therefore,
tissue-compatible polymer scaffolds should also be nonlinearly
elastic, with matching mechanical properties. However, it isElsevier Ltd. This is an o
).
fax: þ61 3 99054940.
. Chen).often difﬁcult to achieve a satisfactory balance of compliance
and biocompatibility in a pure elastomer (Chen et al., 2013). In
the poly(polyol sebacate) (PPS) family of biodegradable elasto-
mers, those with a stoichiometric mole ratio are much more
biocompatible than those with 1:1 mol ratio, but they are also
more brittle (Xu et al., 2013a). At present, a degradable polymer
made from either PPS (or similar elastomers) with the ﬂexibilitypen access article under the CC BY license
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yet been developed. Since the mechanical ﬂexibility of a
material alone can be improved greatly by being fabricated into
a ﬁbrous network, we hypothesise that PPS scaffolds synthe-
sised at stoichiometric mole ratio could provide such a balance.
The electrospinning technique has been used extensively
to produce nanoﬁbre scaffolds for tissue engineering applica-
tions, with similar morphological and structural features to
the extracellular matrix of natural tissues, such as bone and
skin (Li et al., 2002). Previous studies have demonstrated that
electrospun nanoﬁbrous scaffolds are effective for supporting
cellular attachment and proliferation (Pham et al., 2006).
Scaffolds electrospun from thermoplastics, such as polylactic
acid (PLA), polyglycolic acid (PGA), poly(ε-caprolactone) (PCL),
are probably the most widely used, with well-established
protocols (Boland et al., 2001; Yang et al., 2005; Yoshimoto
et al., 2003). However, these polymers are generally unsuita-
ble for the repair of tissues that function under dynamic
mechanical conditions (e.g., cardiac muscle, lung epithelium),
because of a lack of re-shaping ability, even in scaffold form
(Freed et al., 2009; Li et al., 2012b). Hence, there is a potential
need for applying the electrospinning method to elastomeric
biomaterials such as PPS (Chen et al., 2013; Engelmayr et al.,
2008; Wang et al., 2002).
The production of nanoﬁbres from chemically crosslinked
elastomers is technically challenging. A major hurdle is that
these polymers are insoluble once crosslinked, and those
ﬁbres spun from non-crosslinked prepolymers would melt
after this treatment. This problem may be overcome by
employing the recently developed core/shell electrospinning
method (Ravichandran et al., 2011; Xu et al., 2013b; Yi and
LaVan, 2008). In this process variation, a non-crosslinkedTable 1 – PVA polymers used in this work, optimal conditions th
produced PVA and PXS2:5/PVA ﬁbres*.
Mw of PVA as
purchased
(g/mol)
Percentage of
hydrolyzation
of PVA as
purchased (%)
Optimal
concentration
of PVA solution
(shell) (g/100 ml
solvent**)
Feed
shel
31,000–50,000 9899 25 0.1:0
89,000–98,000 4 99 13 0.2:0
146,000–186,000 9899 8 0.1:1
n The concentration of PXS in DMF solution (core) was 50% (v/v), and th
nn The solvent was the mixture of water and DMF in the 4:1 volume rati
Table 2 – Samples of the present work. All samples were heat
process before washing or mechanical testing.
Sample Fabrication process
PXS2:5 solid sheet Cast
PVA-dry Electrospinning
PXS2:5/PVA-dry Core/shell electrospinning
PXS2:5-dry Core/shell electrospinning
PVA-wet Electrospinning
PXS2:5/PVA-wet Core/shell electrospinning
PXS2:5-wet Core/shell electrospinningprepolymer (e.g., the PPS elastomer, poly(glycerol sebacate)
(PGS)) (Chen et al., 2008a; Li et al., 2012a; Xu et al., 2013b) is
encased by a thermoplastic prepolymer (e.g. poly-L-lactic
acid) (PLLA), when both materials are fed simultaneously
through adjacent spinnerets in separate ﬂows. This would
result in PGS ﬁbres coated with a thin layer of PLLA (Xu et al.,
2013a, 2013b). At an appropriate temperature below the
melting point of PLLA, the core of PGS would then melt and
undergo a cross-link reaction, while the PLLA remained solid,
later to be dissolved using an organic solvent. PGS/PLLA ﬁbres
have been fabricated in this way previously (Ravichandran
et al., 2011; Xu et al., 2013b; Yi and LaVan, 2008), however the
organic solvent used to remove PLLA can inﬁltrate the core
PGS material, resulting in brittle core ﬁbres.
To eliminate this speciﬁc fabrication problem, PLLA can be
replaced with polyvinyl alcohol (PVA), an inexpensive and
biocompatible polymer. Unlike PLLA, which only dissolves in
organic solutions (Yi and LaVan, 2008), PVA is water soluble.
Scaffolds have been electrospun using PVA by a number of
research groups (Yao et al., 2003; Zeng et al., 2005; Zhang
et al., 2005). PVA hydrogels have also been utilised previously
for the regeneration of artiﬁcial articular cartilage (Slaughter
et al., 2009) and tendon (Kobayashi et al., 2001). In the present
study, we therefore chose PVA as the shell material, using the
PPS elastomer, poly(xylitol sebacate) (PXS), as the core mate-
rial. We have previously demonstrated that PXS elastomeric
networks show a highly effective combination of mechanical
properties, degradability and cytocompatibility compared
with PGS (Li et al., 2012a, 2013, 2014).
The primary objective of this work was to establish reliable
and reproducible fabrication procedures for the core/shell elec-
trospinning of PXS/PVA scaffolds. This involved optimisation ofat produced stable electrospun ﬁbres, and the diameters of
ing rates of core:
l (ml/h)
Positive/Negative
voltage (kV)
Fibre diameter (nm)
PVA PXS/
PVA
.8 þ13/2 220710 380730
.8 þ13/2 360730 510740
þ15/2 390740 790750
e collection distance was 18 cm.
o.
treated at130 1C for 3 days in vacuum after the fabrication
Washing off of PVA Mechanical test condition
No applicable Dry
No applicable
No
Yes
No applicable wet
No
Yes
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ditions, characterisation of the mechanical properties of the
spun scaffolds and testing of their biocompatibility using cell-
based assays. The ultimate goal was therefore to achieve a safe
scaffold material that was mechanically and biologically compa-
tible with soft biological tissues.2. Experimental procedures and materials
2.1. Materials
Sebacic acid and xylitol were purchased from Sigma-Aldrich
(Castle Hill, NSW, AU). Dimethylformamide (DMF) was pur-
chased from Merck (Kilsyth, VIC AU). Three different types of
PVA with molecular weights 31,000–50,000 g/mol, 89,000–
98,000 g/mol and 146,000–186,000 g/mol were purchased fromPVA (Mw 90k)
PVA (Mw 30k)
PVA (Mw 146k)
Fig. 1 – SEM images of PVA ﬁbrous mats after heating at 130 1C fo
(a) and (a0) 31,000–50,000 g/mol, (b) and (b0) 89,000–98,000 g/mol a
at some contact points are indicated by circles.Sigma-Aldrich. The Mw and hydrolysis percentage of as-
purchased PVA are listed in Table 1. The melting point of
PVA (200 1C) is well above the PXS crosslinking temperature
(120–150 1C) (Bruggeman et al., 2010, 2008; Li et al., 2013).2.2. Preparation of core and shell solutions
A PXS prepolymer was synthesised by polycondensation
using a mixture of xylitol:sebacic acid in a 2:5 mol ratio. This
was designated as PXS2:5, to avoid confusion with a version of
PXS synthesised at the 1:1 mol ratio in previous work (Li et al.,
2013). The monomers were ﬁrst reacted in a Kugelrohr
apparatus under nitrogen gas atmosphere at 130 1C for 12 h.
The PXS2:5 prepolymer was then dissolved in DMF at 50% v/v
to form the core solution.
To produce shell solutions, variable amounts of PVA were
ﬁrst added to water in a ﬁnal volume of 4 ml. The PVAr three days. The PVA used possessed a molecular weight of
nd (c) and (c0) 146,000–186,000 g/mol. The fusion of PVA ﬁbres
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heating at 90 1C for 3 h. After the addition of 1 ml DMF, the
PVA/water/DMF solution was further heated for 3 h. Table 1
shows three concentrations that produced the most stable
core/shell ﬁbres, following systematic optimisation.
2.3. Core/shell electrospinning
A Y-Flow 2.2D-350 electrospinner was set up with a two-ﬂuid
coaxial spinneret. The inner tube had inner and outer
diameters of 0.6 and 0.9 mm respectively, while the outer
tube had an inner diameter of 1.4 mm. A voltage ranging from
13 to 15 kV was applied at the tip of the spinneret. The
distance between the tip and the drum collector was 18 cm,
following experimental optimisation, originally based on
parameters used in previous reports (Yao et al., 2003; ZengPXS2:5/PVA (Mw 30k)
PXS2:5/PVA (Mw 90k)
PXS2:5/PVA (Mw 146k)
Fig. 2 – SEM images of PXS2:5/PVA core/shell ﬁbrous mats after cu
weight of (a) and (a0) 31,000–50,000 g/mol, (b) and (b0) 89,000–98,
values of their water solutions being to be approximately 9–12, 1
points between ﬁbres are indicated by arrows.et al., 2005; Zhang et al., 2005). The optimal core:shell ﬂow
rates were found to be 0.1:1 ml/h (PVA Mw 31,000–50,000),
0.2:0.8 ml/h (PVA Mw 89,000–98,000) and 0.1:0.8 ml/h (PVA Mw
146,000–186,000) at room temperature. The outer limits of
these rates were evidenced by droplet formation on the
collector, and occurred at ﬂow rates 40.2 ml/h and 41 ml/h
for core and shell polymers, respectively.
Electrospun ﬁbre scaffolds were then heated at 130 1C in a
vacuum oven for three days to cure the PXS2:5. After the heat
treatment, some of the PXS2:5/PVA ﬁbre mats were washed to
remove PVA in deionised water at room temperature for 24 h,
followed by washing in water at 90 1C for 4 h, with water
change every four hours. Finally, the materials were removed
and dried in a vacuum oven for three days. For the purposes
of comparative study, PXS2:5 core solution was also cast onto
glass slides, which were then heated at the same curingring at 130 1C for three days. The PVA used had a molecular
000 g/mol and (c) and (c0) 146,000–186,000 g/mol, with the ηC
0, 9–10 respectively. The fusion of PVA shells at some contact
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steps for all of the above samples are summarised in Table 2.2.4. Scanning electron microscopy
Fibrous scaffolds of PVA, PXS2.5/PVA and PXS2.5 were sputter
coated with platinum to a thickness of 1 nm. Coated samplesFig. 3 – SEM image of cross-section of PXS2:5/PVA core/shell
ﬁbrous mats.
PXS2:5 (PVA of Mw 30k used)
PXS2:5 (PVA of Mw 90k used)
Fig. 4 – SEM images of PXS2:5 porous mats after the spun PXS2:5
in distilled water. The initial PXS2:5/PVA ﬁbrous mats were spu
(b) and (b0) 89,000–98,000 g/mol.were imaged using a scanning electron microscope (SEM) (FEI
Nova Nano SEM 430) as described previously (Xu et al., 2013b)
operated in the secondary electron imaging (SEI) mode.2.5. Fourier Transform Infrared spectroscopy
Attenuated total reﬂection Fourier Transform Infrared spec-
troscopy (ATR-FTIR) analysis using a Nicolet 6700 spectro-
meter and a Smart Orbit single-bounce diamond ATR
accessory was used to characterise the chemical bonds of
scaffolding materials, PVA, PXS2:5/PVA and PXS2:5 (PVA with
Mw 89,000–98,000 g/mol)./PVA mats were heated at 130 1C for 3 days and washed
n from PVA of (a) and (a0) 31,000–50,000 g/mol, or
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Dog-bone shaped specimens of 12.53.25 tmm3
(lengthwidth thickness) were cut from 2D PXS sheets
and 3D spun scaffolds for static and cyclic tensile strength,
measured at room temperature. For this, an Instron series
5860 device was used, equipped with a 100 N load cell using
cross-head speeds of 10 mm/min for tensile testing and
25 mm/min for cyclic testing, as employed previously (Liang
et al., 2010; Lv et al., 2010). The cyclic test specimens were
stretched to a maximum strain of 15%, a value that approx-
imates the range of dynamic loading strains experienced by
soft tissues under normal physiological conditions. This
range is also considered relevant for most clinical applica-
tions (Veress et al., 2005). Mechanical tests were carried out
under either dry or wet conditions, the latter being more
representative of physiological conditions for scaffolds as
tissue implants. For wet testing, materials were ﬁrst
immersed in tissue culture medium, then sprayed with
additional medium during tensile testing.
As the solid PXS samples are in a rubbery state, their
stress–strain behaviour can be described by the equation of
elasticity (Eq. 1) (Flory, 1953).
σ ¼ νRT λ 1
λ2
 
 3νRTε; ð1Þ
where σ is the engineering stress, λ¼1þε is the extension
ratio, ε is the tensile strain, ν is the strand density, R is the
universal gas constant and T is the absolute temperature. At0 5 10 15 20 25 30 35 40 45 50 55 60
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Fig. 6 – Typical tensile stress–strain curves of PXS2:5 solid
sheets, PVA, PXS2:5/PVA and PXS2:5 ﬁbrous mats at the dry
conditions. All samples were heat treated at 130 1C for 3
days after casting or spinning. The molecular weight of PVA
used was 89,000–98,000 g/mol.
Table 3 – Mechanical properties of PXS2:5 solid sheets, and ﬁb
Materials E (MPa)
PXS2:5 solid sheet 4.870.1
PVA-dry 63.6715.7
PXS2:5/PVA-dry 90.6720
PXS2:5-dry 25.674.1
PVA-wet 1.970.3
PXS2:5/PVA-wet 3.370.3
PXS2:5-wet 1.170.2low strains (i.e. at ε¼10%), Eq. (1) can be linearised, with an
error of about 8%. Hence, the Young's modulus of each
specimen was determined by σ/ε at a strain of 10%. For each
of the electrospun scaffolds, the modulus was determined
from its stress/strain curve at a strain of 2.5%, below which
the curve could be linearised as indicated by our results
(Fig. 6). The ultimate tensile stress (UTS) and the elongation
at breaking value (εmax) were read directly at the breaking
point of material during the tensile test. Resilience, a para-
meter used to describe the ability of a material to deform
reversibly without a loss of energy, was calculated from the
stress–strain data of cyclic tests, as given by the formula
below (Bellingham et al., 2003)
Resilience ð%Þ ¼ Area under unloading curve
Area under loading curve
 100: ð2Þ2.7. Cytocompatibility in vitro
The biocompatibility of materials in vitro was tested by direct
exposure to proliferating cells in culture, according to the
standard cytotoxicity assessment prescribed by the Interna-
tional Organisation for Standardisation (ISO 10993). Poly(L-
lactic acid) electrospun scaffolds (PLLA, Sigma) (Xu et al.,
2013b) were used as a positive control and cell culture
medium (DMEM supplemented with 10% foetal calf serum
(FCS), 1% L-glutamine and 0.5% penicillin/streptomycin) was
used as the material-free negative control. All material
samples, including PLLA control scaffolds, PXS2.5 control
sheets and test scaffolds of PXS2.5/PVA or PXS2.5 were ster-
ilised using a solution of 70% ethanol in de-ionized water.
Mouse ﬁbroblasts (STO-Neo-LIF (SNL), UC Davis, USA), were
seeded in culture media at a density of approximately 2000
cells/well in 96-well tissue culture plates, pre-coated with
0.1% w/v gelatine. When 70% conﬂuence of cells was estab-
lished (in approximately 2 days), the medium of each well
was entirely replaced with 0.2 ml of fresh medium, and
material samples were placed in direct contact with the cell
monolayers. Materials were then incubated with these cul-
tures for a further two days.
At the end of the incubation period, quantitation of
cytotoxicity was carried out using the Tox-7 assay (Sigma-
Aldrich). Spent culture media were collected and the degree
of cell death was determined by measurement of lactate
dehydrogenase (LDH) release into the culture media (‘DEAD
LDH’), as described previously (Liang et al., 2010). Finally, therous mats of PVA, PXS2:5/PVA core/shell and PXS2:5.
UTS (MPa) Elongation at break (%)
1.870.1 4471
4.870.1 1471
8.871.5 2273
5.870.6 4773
0.870.2 5972
1.370.3 5573
1.770.1 7678
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0.2 ml of lysis solution. The resultant cell lysates were then
measured for LDH content, which is proportional to the
number of living cells per well (‘LIVE LDH’). LDH level was
determined by measuring the absorbance of the supernatant
from the centrifuged medium at 490 nm (after subtraction for
background absorbance at 690 nm) using a multiwell plate
format UV–vis spectrophotometer (Thermo Scientiﬁc). Cyto-
toxicity was then quantitated against a linear standard curve
and expressed as follows:
Percentage of dead cells ð%Þ ¼ Dead LDH
Dead LDHþ Live LDH 100 ð3Þ
2.8. Statistical analysis
All experiments were run with three to ﬁve samples per
experimental group, and the data were expressed as mean7-
standard error of the mean (SEM). A one-way ANOVA with
Tukey's post hoc test (using Prism 4, GraphPad Software,
2003) was performed to analyse the statistical difference, and
a p-value of less than 0.05 was considered signiﬁcant.PXS s
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Fig. 7 – Mechanical properties of PXS2:5 solid sheets, PVA,
PXS2:5/PVA and PXS2:5 ﬁbrous mats at the dry conditions. (a)
Young's modulus (E), (b) ultimate tensile strength (UTS), and
(c) elongation at break (ɛmax). The molecular weight of PVA
used was 89,000–98,000 g/mol. The error bars represent
standard errors. n represents po0.01, # represents po0.05,
and NS stand for ‘not signiﬁcant’.3. Results and discussion
3.1. Optimisation of PXS2.5/PVA core/shell electrospinning
conditions
The optimal concentration of PVA solution that produced
stable scaffold ﬁbre structure decreased with the molecular
weight, as shown in Table 1. This result was in agreement
with previous work (Koski et al., 2004), and can be interpreted
by the inﬂuence of ηC on ﬁbre formation (Koski et al., 2004;
Zhang et al., 2005), where η represents the intrinsic viscosity
of the polymer and C is the concentration of the polymer
solution in wt%. To produce electrospun ﬁbres, the ηC must
be in the range of 5–12, depending on the chemistry of the
thermoplastic solute (Koski et al., 2004; Son et al., 2004; Zeng
et al., 2003). The Mark–Houwink relationship for aqueous PVA
solutions has been given by Tacx et al. (2000) as follows:
η¼ 6:51 104M0:628w : ð4Þ
Using Eq. (4), the ηC values that produced stable ﬁbres of spun
PVA (Fig. 1) and core/shell spun PXS2:5/PVA (Fig. 2) were i9-12
(PVA 31,000–50,000 g/mol, C¼20 wt%), 10 (PVA 89,000–98,000 g/
mol, C¼11.5 wt%), and 9–10 (PVA 146,000–186,000 g/mol, C¼7.4
wt%), respectively. Hence, the ηC value of the optimised PVA
solutions were generally around 10. These results were slightly
higher than reported by Koski and co-workers (Koski et al., 2004),
who produced stable ﬁbres with circular cross-sections at ηC¼5–
9, and ﬂat ﬁbres at ηC49 (Koski et al., 2004).
Similarly, ﬁbre dimensions also changed relative to the
molecular weight of PVA. Electrospun PVA and PXS2:5/PVA
ﬁbres decreased in proportion to the molecular weight of
PVA, as listed in Table 1. This was likely to be because of
relaxation of the polymer chains (Jarusuwannapoom et al.,
2005; Ramakrishna et al., 2005), which theoretically occurs
more easily for shorter chains (Koski et al., 2004). Hence, a
lowMw PVA of lower molecular weight can relax faster duringelectrospinning, thus resulting in smaller diameters than
higher Mw.
The molecular weight of PVA also inﬂuenced the shell
characteristics of the PXS2:5/PVA core/shell scaffolds (Fig. 2),
which also relates to ηC. Low Mw PVA (31,000–50,000 g/mol)
generally produced well-deﬁned, low diameter ﬁbres at a
0.1 ml/h core feed rate (Fig. 2a and a0), while at
Mw¼146,000–186,000 g/mol, core/shell ﬁbres were webbed in
appearance (Fig. 2c). This was probably caused by leakage of
j o u r n a l o f t h e m e c h a n i c a l b e h a v i o r o f b i o m e d i c a l m a t e r i a l s 4 0 ( 2 0 1 4 ) 2 1 0 – 2 2 1 217core polymer during crosslinking, through locally thin areas
of the PVA shell resulting from the low concentration of the
high Mw PVA shell. As shown in Table 1, the concentration
had to be at most 8 g/100 ml solvent (¼7.4 wt%) to produce
single, solid PVA ﬁbre, however the same concentration
resulted in a very thin PVA shell that did not completely coat
PXS2:5 core ﬁbres. Thus, in subsequent curing treatments, the
melted PXS2:5 would have ﬂowed out of the shells. In
contrast, an overly thick shell of PVA would result in a very
fragile PXS network after PVA removal, with evidence of
fused contact points (Fig. 1a0–c0and Fig. 2a0–c0). This charac-
teristic would have a signiﬁcant inﬂuence on the mechanical
properties of the ﬁbrous network (further discussed in
Section 3.7).
Among the three PXS2:5/PVA polymers tested, 89,000–
98,000 g/mol PVA was the best in terms of physical integrity
and morphology of both PXS2:5/PVA and PXS2:5 ﬁbres. The
cross-section of the core/shell spun PXS2:5/PVA ﬁbres showed
solid PXS2:5 core ﬁbres ensheathed by a very thin layer of PVA,
as indicated by arrows in Fig. 3. PXS2:5 core ﬁbres also
maintained their structural integrity after PVA removal.3.2. Removal of PVA shell from PXS2:5/PVA scaffolds
Electrospun PVA and PXS2:5/PVA ﬁbres, before and after curing,
were white in colour, due to light scattering from the ﬁbrous
structure. Upon wetting, solid PVA and core-shell scaffolds
immediately shrank, becoming transparent and gelatinous.
After heating in water at 90 1C for 1 h, the PVA ﬁbres fully
dissolved in water. In contrast, the PXS2:5/PVA ﬁbres did not
shrink after immersion in water, but still became transparent.
After rinsing under the same conditions for 4 h, followed by
vacuum drying, ﬁnal PXS2:5 scaffolds less white than PXS2:5/PVA
ﬁbres before rinsing, but more opaque than PXS2:5 solid sheets,
possibly due to the residual PVA (Fig. 4).
SEM images of the spun PXS2:5/PVA ﬁbres after washing
show that when Mw¼31,000–50,000 g/mol PVA was used as the
shell material, a very small amount of PXS2:5 was spun out as
the core ﬁbre (Fig. 4). As a result, very thin PXS2:5 core ﬁbres
were obtained after washing, with a signiﬁcant amount of PVA0 10 20 30 40 50 60 70 80
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Fig. 8 – (a) Typical tensile stress–strain curves of PVA, PXS2:5/PVA
(b) J-shaped tensile stress–strain curves of PXS2:5 ﬁbrous mats aremaining in the ﬁnal product (Fig. 4a and a0), appearing as
recrystallised ﬂakes on the surface (Fig. 4a and a0).
The PVA of Mw¼89,000–98,000 g/mol produced a lower
amount of residual PVA (Fig. 4b and b0). As mentioned above,
the core PXS maintained its ﬁbrous network structure, how-
ever most ﬁbres were fused together by the residual PVA.
Core scaffold porosity ranged from 1 to 5 mm, as shown in
Fig. 4b and b0. Among the three different molecular weight
PVA polymers used in the work, the PVA of a medium
molecular weight (i.e. 89,000–98,000 g/mol) produced the best
PXS2:5/PVA core/shell ﬁbres and PXS2:5 core ﬁbres. Therefore,
subsequent investigations of mechanical properties and bio-
compatibility were focused on ﬁbrous mats fabricated from
89,000–98,000 g/mol PVA.
3.3. Chemical characterisation of the scaffolding materials
The ATR-FTIR spectra of PVA, PXS2:5/PVA, PXS2:5 ﬁbrous scaf-
folds and PXS2:5 solid sheet are shown in Fig. 5. The intense
peak at 1733 cm1 is the C¼O ester bond of PXS. This peak
appeared in both spectra of PXS2:5 solid sheets and core/shell
spun scaffolds after washing, but not unwashed PXS2:5/PVA
scaffolds. These results indicates that the material left behind
after PVA removal was PXS, and that the core structure was
indeed internal to the shell material.
3.4. Mechanical properties of PXS2:5/PVA and PXS2:5
scaffolds in dry conditions
The stress–strain curves of PXS2:5 solid sheets, PVA ﬁbres,
PXS2:5/PVA core/shell ﬁbres and PXS2:5 ﬁbres in dry conditions
are shown in Fig. 6. The stress–strain curves of the PXS2:5 solid
sheets were approximately linear, whereas those of the other
materials exhibited a steep rise in stress at lower strains of
10%, followed by a plateau (Fig. 6). This mechanical behaviour
can be attributed to the fusion between the ﬁbres at their contact
points, as observed by SEM (Figs. 1a0 and b0 and 2a0 and b0). A
comparison of the stress–strain curves of PVA and PXS2:5/PVA
reveals that the plateau for PXS2:5/PVA started approximately at
the UTS of PVA (Fig. 6). Hence, it is likely that at stresses0 10 20 30 40
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became detached, allowing ﬁbres to slide relative to each other,
accounting for the change from steep incline to plateau.
Young's modulus, UTS and rupture strain values of all the
tested materials are given in Table 3. Fig. 7 shows the mechan-
ical properties all four control and test materials under dry
conditions. The PXS2:5/PVA core/shell scaffolds exhibited higher
modulus (90.6 MPa) and UTS (8.8 MPa) than either PXS2:5 solid0
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Fig. 9 – The effect of water on the mechanical properties of
PVA, PXS2:5/PVA and PXS2:5 ﬁbrous mats. The ﬁbres were
tested at dry condition and wet ﬁbres after immersed in
water, with values of (a) Young's modulus (E), (b) UTS and
(c) elongation at break. The error bars represent one
standard error. For those three materials the differences of
all mechanical properties at dry and wet conditions are
signiﬁcant (po0.01).sheets (E¼4.8 MPa, UTS¼1.8 MPa) or PVA spun scaffolds
(E¼63.6 MPa, UTS¼4.8 MPa) (Fig. 7a and b). Despite the fact
that pure solid materials are typically stronger than their
porous counterparts, the PXS2:5/PVA ﬁbrous scaffolds were
actually stronger than 2D PXS2:5 sheets or PXS ﬁbrous networks.
This was probably because of the presence of the rigid PVA
shell. Fibrous mats of PXS2:5/PVA were also moderately stronger
than pure PVA scaffolds, which may be related to the larger
ﬁbre diameter of the former (510 nm vs 360 nm, respectively)
(Table 1). The rigidity of PVA shells was further indicated by the
large decrease in modulus and UTS of the washed PXS2:5 core
ﬁbres to 25.6 and 5.8 MPa, respectively, although these
remained higher than for PXS2:5 solid sheets (Fig. 7a and b).
Thus, residual PVA can sensitively inﬂuence the mechanical
properties of the PXS core scaffolds in dry conditions.
The PXS2:5/PVA scaffold rupture elongation (22%) was statis-
tically similar to PVA (14%) (Fig. 7c), however both were lower
than for PXS 2D sheets (44%, Fig. 7c). The compromised elasticity
of PVA and the PXS2:5/PVA ﬁbrous networks can be attributed to
the brittleness of PVA under dry conditions. Consequently,
removal of PVA caused an increase in the rupture elongation
of the PXS2:5 ﬁbrous scaffolds (47%), similar to solid PXS2:5 sheets
(44%) (Fig. 7c).0.0
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aqueous conditions
The stress–strain behaviours of PXS2:5/PVA and the PXS2:5
analysed under aqueous conditions are depicted in Fig. 8.
Compared with dry conditions, the moduli of the hydrated
PVA, PXS2:5/PVA and the PXS2:5 scaffolds signiﬁcantly
decreased to o10% of their dry counterparts (1.9, 3.3 and
1.1 MPa, respectively, Fig. 9a). Similarly, a signiﬁcant decrease
in UTS was observed for the same materials (0.8, 1.3 and
1.7 MPa, respectively, Fig. 9b). Collectively, the mechanical
properties of the PXS2:5-wet scaffolds were similar to those of
PXS2:5/PVA-wet samples (Table 3), because of softening of
PVA shell in hydrogel form, compared to dry PVA. Hence,
hydrated PVA shells would only play a minor role in the
mechanical performance of a PXS2:5/PVA scaffolds, making
the performance of PXS2:5/PVA and PXS2:5 similar under
biological conditions.
As expected, the rupture elongation of all electrospun
scaffolds under wet conditions increased signiﬁcantlyFig. 11 – Images of SNL cells cultured in media with evaluated m
control (culture medium only); (b) positive control of PLLA ﬁbrous
mesh and (e) PXS2:5 ﬁbrous mesh.compared to dry (Fig. 9c). PVA-wet (60%) showed the largest
increase, being four times that of dry PVA scaffolds, due to
conversion from a brittle thermoplastic to a gelatinous
hydrogel. PXS2:5-wet showed the highest rupture elongation
overall (76%), signiﬁcantly higher than that of the PXS2:5 solid
sheets (44%, po0.0001) (Fig. 9c). For PXS2:5/PVA scaffolds, the
presence of a hydrated PVA shell did not inhibit the PXS2:5
ﬁbres from slide over each other, hence rupture elongation
was similar to pure PVA ﬁbres.
Taken together with the UTS data, PXS2:5 ﬁbrous scaffolds
under wet conditions had the lowest Young's moduli, but the
highest UTS and rupture elongation among the three types of
ﬁbrous scaffolds.
3.6. Cyclic mechanical properties of PXS scaffolds
Under the cyclic testing conditions, the PXS2:5 solid sheets
and ﬁbrous mats in dry or wet conditions demonstrated
stable, elastic deformation behaviour (Fig. 10), except for the
ﬁrst cycle for PXS2:5 ﬁbrous mats in dry conditions (Fig. 10b)aterials direct in contact with cells for 24 h. (a) Negative
mash; (c) PXS2:5 solid sheet; (d) PXS2:5/PVA core/shell ﬁbrous
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Fig. 12 – Cytotoxicity of the PXS2:5 solid sheet, electrospun ﬁbrous mats of PXS2:5/PVA and PXS2:5, determined by measuring
the release of LDH after two days of culture. The positive control group was PLLA electrospun ﬁbrous meshes. The
percentages of dead cells in test material's group were not signiﬁcantly different from either the negative control (medium
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j o u r n a l o f t h e m e c h a n i c a l b e h a v i o r o f b i o m e d i c a l m a t e r i a l s 4 0 ( 2 0 1 4 ) 2 1 0 – 2 2 1220(see the next section). The resilience of these three groups of
samples was calculated to be 93%, 46% and 84%, respectively.
These values are similar to those of elastic proteins, which
have resilience ranging from 35% (for partially hydrated
elastin) to 90% (for fully hydrated collagen and elastin)
(Gosline et al., 2002).
3.7. Non-linear mechanical properties of PXS scaffolds
It is well documented that the shape of stress–strain curves
of a crosslinked polymer chain network is upward-trajectory
at low strains, according to Eq. (1) (Flory, 1953). Once dis-
sociated, friction between ﬁbres decreases at low stresses,
leading to J-shaped stress–strain curve. This is the probable
mechanism behind the stress–strain curves of the PVA,
PXS2:5/PVA and PXS2:5 in wet conditions. Linkages due to
PVA fusion are quickly dissociated in an aqueous environ-
ment, hence the non-fused ﬁbrous network also exhibits
J-shaped stress–strain curve in the wet conditions.
The inter-ﬁbre fusion caused by the PVA can also be
dissociated by physical stretch, hence the J-shape stress–
strain curves are maintained in after repeated deformation
cycles, as indicated in Fig. 10b.
3.8. Cytocompatibility in vitro
Visual examination of SNL cell cultures after scaffold contact
showed no evidence of gross cytotoxicity. Fig. 11 shows
images of healthy cell morphology in all test groups. After
two days culture, the number of cells increased from 2000 to
over 4000 and almost fully covered the surfaces of each well.
Quantitative LDH measurements conﬁrmed that the cyto-
compatibility of test samples PXS2:5 solid sheet, PXS2:5/PVA
ﬁbrous mats and PXS2:5 ﬁbrous mats were similar to both
culture media and PLLA controls, with no signiﬁcant differ-
ences detected in cell death percentage between the test and
control groups (Fig. 12).4. Conclusions
This report describing the novel fabrication of ﬁbrous scaf-
folds made from the soft biodegradable elastomer PPS var-
iant, PXS2:5. We show that scaffolds can be effectively
fabricated by core/shell electrospinning, using PVA. After
crosslinking treatment of the PXS2:5 core, the PVA shell can
be removed in water, rather than organic solvents, leaving
behind a porous, 3D elastomeric ﬁbre network of PXS. Under
hydrated conditions, PXS2:5 scaffolds show signiﬁcantly
improved elasticity and non-linear behaviour compared to
solid sheets, without compromise in cytocompatibility.
Hence, electrospun PXS scaffolds could provide a safer and
mechanically suitable alternative for many soft tissue engi-
neering applications.Acknowledgements
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